This paper summarizes a survey of on-orbit spacecraft failures since 1981. A preliminary assessment of telerobotic serviceability is also included. A comprehensive database of spacecraft launch attempts and failures was compiled from a number of open sources. The main focus of the analysis is the categorization of earth orbiting commercial, military, and scientific satellites which suffered from significant on-orbit failures. To characterize the telerobotic servicing opportunities, additional technical and economic information was also developed. Each of the candidate spacecraft failures was evaluated against a series of increasingly capable telerobotic servicer types. This analysis should enable better understanding of future applications of servicing, requirements for on-orbit servicing operations, effects of servicing on spacecraft mission assurance, and the overall question of the economic viability of on-orbit servicing. It is expected that this survey of historical failures will provide a useful starting point for future evaluations of on-orbit servicing mission models and servicing architectures.
Introduction
Future on-orbit telerobotic systems will be able provide a number of spacecraft services including onorbit assembly, inspection, reboost, reconfiguration, refuel, repair, resupply, and upgrade. Prospects for on-orbit telerobotic satellite servicing are increasing steadily. A number of robotic systems have flown successfully both in research (ROTEX, 1 
MFD,
2 ETS-VII, 3 AerCAM 4 ) and operational roles (SRMS, 5 SSRMS 6 ). Systems with expanded capabilities (ISS-MSS, 7 JEM-RMS, 8 Ranger TSX, 9 Robonaut, 10 Orbital Express 11 ) are in development and should see deployment in the near term.
Many of these telerobotic systems are ISS related, but other servicing opportunities exist. More than 100 spacecraft are launched every year. Most of these perform their missions with no major problems. A number experience anomalies and failures of various degrees of severity. In order to quantify these annual failure related servicing opportunities, a database of satellite failure events was constructed. Examination of the database shows that servicing opportunities occur on a regular basis.
Database Development
Three databases were constructed, including Satellite Information, Orbital Information, and Failure Information. The Satellite Information database includes launch information, spacecraft bus parameters, transponder counts, launch costs, spacecraft costs, and other satellite specific information. The Table 3 Identification Scheme for Successful Launches (COSPAR) was used by many of the data sources, the NORAD ID was used by others. Still others sources used only the satellite name, which varied widely. To compound this unique identifier issue, there is no standard identification scheme for launches that failed to orbit. Nor is there a standard method to call out payloads that failed to separate. To meet these needs, the identification schemes shown in Table 3 and Table 4 The databases were constructed from a number of open sources. These are shown in Table 1 . This table shows the source, the year of the earliest information, the year of the latest information, the number of records, the number of fields, and the content or focus of the source. Additional sources [32] [33] [34] [35] were used to cross check in a number of cases. The record and field counts of the final databases are shown in Table 2 . The databases include all civilian, military, commercial, and NGO spacecraft launched from 1957 through 2000. A number of United States and Russian reconnaissance related subsatellites were omitted. Table 5 is a summary of Launches and Payloads from 1981 through 2000. The first two columns indicate the year and the number of launches attempted. Vehicle explosions on the launch pad and other ground damage events were not included in launch attempts. The "Failed To Orbit" column includes launch vehicles that left the pad, but did not reach orbit. Failures modes here include self destruct, commanded destruction by Range Safety, inflight breakup, and low launch vehicle performance resulting in suborbital flight. Launches that successfully made it to orbit are listed in the next column. Launch vehicles often carry multiple payloads, and the yearly totals of these successful payloads are indicated in the "Payloads To Orbit" column. Upper stages, fairings, and other launch vehicle orbital debris are not included. Of the spacecraft that arrived in orbit, some were filtered out of the set of payloads of interest. Filtered satellites include Amateur Radio satellites, ASAT related payloads, human spaceflight vehicles, satellites that exploded in orbit, spacecraft beyond earth orbit, simulated satellite test masses, and others. After filtering out these spacecraft, the final column includes the remaining "Payloads Of Interest." These will serve as a basis for the various BOL satellite failure rates developed later.
Source

Launches and Payloads
This table and the subsequent failure tables include totals and annual averages for the last 20, the last 10, and the last 5 years. These three sets of figures are presented to illustrate trends. Overall, launches per year are trending down, while the payloads to orbit have decreased but are trending back up. Part of the reason for the payloads-to-orbit surge in 1997 and 1998 was the deployment of the Iridium constellation. Iridium satellites launched in groups of 2, 5, or 7, depending if they were on Long March, Delta II, or Proton rockets. This table also includes a percent chance for a launch attempt to fail to orbit. This percentage has increased from 3.7% to 4.9%.
BOL Failures
Satellite failures occurring in the first 30 mission days were considered beginning of life (BOL) failures. A summary of these is shown in Table 6 . The columns in this table include the launch year, the number of payloads of interest, the number of satellites that experienced BOL total failures, the number of satellites that experienced BOL partial failures, and the combined total. Satellites experiencing total failure had no productive life. Satellites with partial failures were able to perform at least part of their missions. The cause of the surge in failures for the late 1990s is unclear. Part of the explanation could be that detailed information on the recent launches is more readily available. Note that for successfully launched satellites, there is a 3% to 4% chance of BOL total failure and an additional 3% to 4% chance of BOL partial failure.
The BOL case is of particular interest, because these spacecraft have produced no return and are at Interest  1981  126  3  123  162  24  138  1982  129  8  121  152  25  127  1983  128  1  127  160  15  145  1984  129  0  129  170  21  149  1985  125  4  121  170  24  146  1986  110  7  103  144  16  128  1987  114  4  110  140  17  123  1988  121  5  116  149  21  128  1989  102  1  101  138  16 Table 7 and Table 8 summarize the annual occurrence of satellite failure types. Table 7 addresses only total failures, while Table 8 addresses both total and partial failures. These two tables provide a bound on the number of annual failure related servicing opportunities, ranging from the low case (only total failures) to the high case (all failures).
Failure Breakouts
The information available to ascertain the severity of partial failures varied considerably. In some cases specific quantitative information was reported, such as a reduction in transponders available, or expenditure of a known fraction of lifetime maneuvering fuel to complete the transfer to geostationary orbit. Other cases simply reported the impact as minor, partial, or major with little technical detail.
Both of the breakout tables include the failure year, the newly launched payloads of interest, the payloads that were placed in incorrect orbits, BOL failures, midlife failures, and the yearly total servicing opportunities. Mechanism failures include 
Servicing Opportunities
Determining the mission requirements for an onorbit servicing system is a complex process. A number of approaches are conceivable. For this preliminary analysis, four servicer types were considered, ranging from simple to complex. The four types are inspection only, reboost only, basic dexterous, and complex dexterous.
For the inspection only case, all of the unknown failure events were assigned. AerCAM is an example of an inspection-only servicer which has been demonstrated on-orbit. A reboost vehicle, or "Boost" as it shown in Table 9 , would complete the orbital transfer of the low orbit spacecraft. Its mission would be rendezvous, inspection, docking, reboost, and separation. The next section includes a quick look at a specific reboost mission. The "Dex" or basic dexterous servicer would attempt to repair external mechanism failure cases. Finally, the complex dexterous servicer would handle the remaining missions. A free flight version of Ranger TSX is an example of this type of servicer.
A summary of the results of this approach is shown in Table 9 . Again, there is the familiar surge in the late 1990s. Note that the reboost case and the complex dexterous case occur almost every year. The inspection vehicle case can also be augmented by using it for preliminary assessment before a more capable servicer is dispatched. The capability breakpoint between a basic and complex dexterous servicer appears to need additional refinement.
Reboost Servicing Example
The economic aspects of on-orbit servicing include trading the cost of a servicing mission versus replacing the failed satellite. Servicer costs such as development, manufacturing, launch, and operations must be traded against potential returns from the serviced satellite. These returns can take the form of revenue, scientific data, or continued on-orbit capability.
For example, the Orion 3 geostationary commercial communications satellite failed to achieve operational status during the Spring of 1999. On May 4th the satellite was placed in an incorrect orbit due to a Delta III launch failure. The second burn of the second stage was prematurely terminated after 1 of firing. The reported costs included the satellite cost of $150M and a launch cost of $80M. The satellite was declared a total loss, and the insurance payout was $265M. Although not yet confirmed by detailed analysis, it seems likely that a servicing mission could be conducted for considerably less than $645M.
Conclusion
The satellite failure rates derived from the database indicate that there are regularly occurring opportunities for satellite servicing missions. Given these regular opportunities and the possible returns from a salvage mission, it seems probable that telerobotic on-orbit spacecraft servicing will become a viable option as the cost of servicing options decreases and the robustness of servicing system designs increases.
It is important to note that this analysis only addresses failure related servicing. There are a number of other promising areas interest. On-orbit refueling 1981  138  1  0  0  0  1  0  0  0  2  1982  127  1  1  1  1  0  1  0  1  6  1983  145  1  0  1  0  0  0  0  1  3  1984  149  5  0  1  0  0  2  0  0  8  1985  146  2  0  1  0  0  1  1  2  7  1986  128  1  0  0  0  0  1  0  1  3  1987  123  4  1  0  0  0  0  0  0  5  1988  128  5  0  1  0  0  2  0  0  8 Additionally, a version of the reboost servicer could be used to perform the retirement maneuver for a geostationary satellite, allowing it to expend all of its maneuvering fuel for lifetime stationkeeping.
It is anticipated that this database will be useful for a variety of analyses. The goals include a more detailed analytical examination of the database to yield a comprehensive view of the technical and economic feasibility of telerobotic on-orbit satellite servicing.
